that the 3′ hinge can tolerate a single SNP but that multiple mutations within this region reduce fitness, probably because they disrupt U3-rRNA binding. A similar, but less pronounced, pattern was found in the 5′ hinge area. Our analysis shows that the thermodynamic threshold model, wherein fitness decreases abruptly when molecule stability falls below a certain level (9) , also operates at the level of interactions between distinct molecules ( fig. S11B ).
In genome-wide studies, epistatic interactions between genes correlate with physical contacts, coevolution, and co-occurrence within biochemical pathways (6) . Mapping genetic interaction networks therefore provides information about cellular organization. We postulate that intragenic interaction maps will similarly illuminate patterns of molecular organization. This and other studies (8, 17, 21, 22) suggest that withingene epistatic interactions are enriched among residues in physical proximity. Were this correlation sufficiently strong, intragene epistasis would identify secondary and tertiary structures of macromolecules. Notably, recent studies have successfully predicted the 3D structures of proteins and complexes by measuring coevolution between residues within protein alignments, a phenomenon intimately linked to epistasis (23, 24) . Improved methods to extract structurally relevant interactions from the dense network of intramolecular epistasis should allow macromolecular structures to be derived from maps of within-gene epistasis. † Several types of pediatric cancers reportedly contain high-frequency missense mutations in histone H3, yet the underlying oncogenic mechanism remains poorly characterized. Here we report that the H3 lysine 36-to-methionine (H3K36M) mutation impairs the differentiation of mesenchymal progenitor cells and generates undifferentiated sarcoma in vivo. H3K36M mutant nucleosomes inhibit the enzymatic activities of several H3K36 methyltransferases. Depleting H3K36 methyltransferases, or expressing an H3K36I mutant that similarly inhibits H3K36 methylation, is sufficient to phenocopy the H3K36M mutation. After the loss of H3K36 methylation, a genome-wide gain in H3K27 methylation leads to a redistribution of polycomb repressive complex 1 and de-repression of its target genes known to block mesenchymal differentiation. Our findings are mirrored in human undifferentiated sarcomas in which novel K36M/I mutations in H3.1 are identified.
S
omatic missense mutations in histone H3 genes were recently identified in pediatric brain and bone malignancies (1-3). These include lysine 27-to-methionine (K27M) and glycine 34-to-arginine/valine (G34R/V) mutations found in pediatric gliomas, glycine 34-to-tryptophan/leucine (G34W/L) mutations found in giant cell tumors of the bone, and lysine 36-to-methionine (K36M) mutations reported in~95% of chondroblastomas. These cancer-associated H3 mutations (so-called "oncohistones") map to, or close to, well-known sites of histone posttranslational modifications such as methylation of H3K27 and H3K36. The highly clustered mutational patterns and only 1 of the 30 alleles encoding human histone H3 being mutated in tumors imply that the mutations are dominant or neomorphic. Moreover, the high degree of tumor type specificity suggests that oncohistones derived from different tissues of origin are likely to be functionally and mechanistically distinct. Although progress has been made in understanding the oncogenic effect of glioma-associated histone mutations (4) (5) (6) (7) (8) , their role in bone and cartilage neoplasms remains unclear.
We focused on the chondroblastoma-derived H3K36M mutation. Chondroblastoma is characterized by the accumulation of immature chondroblasts (9) , suggesting that the neoplasm may arise from uncontrolled proliferation and/or incomplete differentiation of mesenchymal progenitor cells (MPCs). We created isogenic C3H10T1/ 2 murine MPCs that stably express either wildtype or K36M mutant H3.3 at pathologically relevant levels (hereafter referred to as H3.3WT or H3.3K36M cells, respectively) ( fig. S1, A and B) .
Differentially expressed genes between H3.3WT and H3.3K36M cells were highly enriched in pathways involved in cellular and developmental processes ( fig. S1 , C and D, and table S1), suggesting that H3.3K36M mutation induces aberrant expression of genes involved in cell differentiation. Although H3.3WT and H3.3K36M cells displayed comparable proliferation rates ( fig. S1E ), H3.3K36M cells exhibited significantly diminished chondrocytic differentiation capacity (Fig. 1A) . H3.3K36M cells also showed a decrease in mRNA expression of mature chondrocyte markers (Col2a1, Col9a1, Col11a1, and Acan) before and after differentiation induction (Fig. 1B) . Expressing the H3.3K36M mutation in murine prechondrocytic ATDC5 cells (10) also substantially inhibited chondrocyte differentiation ( fig. S1F ).
Oncohistones found in other cancer types (H3.3K27M or H3.3G34W/L) had little impact on chondrocyte differentiation of MPCs (Fig. 1C  and fig. S2A ). These results are consistent with the tissue specificity of histone mutations identified in human cancers. Expression of H3.1K36M in MPCs altered the transcriptome and inhibited chondrocyte differentiation to a similar extent as H3.3K36M (Fig. 1C and fig. S2, A and B) . The presence of the K36M mutation did not affect the genome-wide deposition profiles of H3.1 and H3.3 ( fig. S2 , C to E) (11) .
Whole-genome sequencing of chondroblastomas revealed H3.3K36M as the only recurrent mutation (3). We sought to determine whether the differentiation arrest induced by the H3K36M mutation is sufficient to facilitate tumor development in vivo. Subcutaneous injection of MPCs stably expressing H3.3 or H3.1 K36M, but not WT H3, generated tumors in severe combined immunodeficiency (SCID) mice (Fig. 1D and fig.  S3A ). These tumors resembled human undifferentiated sarcomas ( fig. S3B ), retained the expression of mutant histones, and shared a similar gene expression profile with cells cultured in vitro (figs. S2B and S3C).
Although H3K36M mutations are uncommon in bone and cartilage tumors other than chondroblastomas (3), our in vivo modeling results suggest that K36M mutations in H3.3 or H3.1 may exist in poorly differentiated soft tissue tumors. Pediatric undifferentiated soft tissue sarcomas are rare but aggressive tumors with poor prognosis and an undefined mutational landscape (12) . By screening a panel of 10 pediatric undifferentiated soft tissue sarcomas, we identified one tumor carrying an H3.1K36M mutation and confirmed its protein expression ( fig. S4 ).
The development of undifferentiated sarcomas by H3K36M mutant MPCs prompted us to determine whether the mutation interferes with the differentiation of these cells toward other Relative activity NSD2 methyltransferase assay ** *** *** lineages. H3.3K36M cells exhibited a significant block of differentiation to adipocytes and osteocytes ( fig. S5, A and B) . Moreover, the expression of master regulators of adipogenesis and osteogenesis was decreased in H3.3K36M cells, in addition to regulators of chondrocyte differentiation. H3.3K36M cells also displayed enhanced expression of transcription factors involved in the maintenance of mesenchymal multipotency ( fig. S5C) .
We found that the H3K36M transgene caused a marked reduction in H3K36me2/3 and a concomitant increase in H3K27me2/3 in various cell types ( Fig. 2A and fig. S6 , A to C). Immunoblots of purified heterotypic mononucleosomes containing epitope-tagged H3.3 and endogenous H3 revealed that K36M-containing nucleosomes displayed decreased H3K36me2/3 and increased H3K27me3 on the endogenous WT H3 (fig. S6D) . Coimmunostaining of murine H3.3K36M tumors demonstrated an inverse correlation between H3.3K36M expression and levels of H3K36me3 ( fig. S6E ). Chondroblastoma samples carrying the H3.3K36M mutation exhibited decreased H3K36me2/3 and increased H3K27me3 as compared to H3 WT chondroblastoma or chondrosarcomas ( fig. S7, A and B) . Immunohistochemistry staining revealed that H3.3K36M-expressing chondroblastoma cells, but not concomitant nonneoplastic multinuclear osteoclasts (3) or H3 WT chondroblastomas or chondrosarcomas, were negative for H3K36me3 ( fig. S7, C and D) .
The capacity of various H3K36 mutants to impair chondrocyte differentiation of MPCs was correlated to the magnitude of changes in H3K36 and H3K27 methylation (Fig. 2, A to C,  and fig. S8A ). In particular, the H3K36I mutation recapitulated H3K36M's impact on histone methylation and gene expression ( Fig. 2A and  fig. S8 , A to C). Furthermore, an H3.1K36I mutation was identified in a pediatric undifferentiated soft tissue sarcoma from the same patient cohort where we found the H3.1K36M mutation ( fig. S4 and table S2) . Therefore, H3K36 hypomethylation and H3K27 hypermethylation appear to be characteristic features shared by the oncogenic H3K36M/I mutations.
Gliomas containing the H3K27M mutation exhibit low levels of H3K27 methylation, and we demonstrated that this loss of methylation occurred primarily through inhibition of the polycomb repressive complex 2 (PRC2) histone methyltransferase (6) . Because the catalytic mechanism is highly conserved among SET domain-containing histone methyltransferases, we hypothesized that H3K36M/I mutations inhibit their cognate methyltransferases. Unlike H3K27, methylation of H3K36 is catalyzed by several methyltransferases, including Nsd1 and Nsd2, which catalyze H3K36me1/2, and Setd2, which catalyzes H3K36me1/2/3 (13) (Fig. 2D ). Methyltransferase assays with peptides or purified nucleosomes demonstrated that H3K36M/I, but not H3K36R, were potent inhibitors of SETD2 and NSD2 activity (Fig. 2, E and  F, and fig. S9 , A to C). H3K36A substantially inhibited NSD2 activity while modestly inhibiting SCIENCE sciencemag.org 13 SETD2 (Fig. 2, E and F, and fig. S9D ), which is consistent with its observed effects on cellular H3K36me2/3 ( Fig. 2A and fig. S8A ). Although expression of the H3K36 methyltransferases was not reduced in H3.3K36M cells, we found that immunoprecipitates from H3K36M-containing mononucleosomes were markedly enriched in these proteins ( fig. S10, A and B) , suggesting that the global H3K36 hypomethylation in H3.3K36M cells results from the dominant sequestration and inhibition of methyltransferases by mutant nucleosomes.
To assess the contribution of methyltransferase inhibition to the H3K36M-induced differentiation arrest, Nsd1, Nsd2, and Setd2 were depleted separately or in combination in MPCs by the use of small interfering RNA (siRNA). Depletion of Nsd1, Nsd2, and Setd2 in combination, but not individually, impaired the chondrocyte differentiation of MPCs, with the most dramatic effect being observed in cells treated with siRNAs against all three methyltransferases ( Fig. 2G and fig. S10C ). In addition, clustering analysis revealed that transcriptome changes induced by H3.3K36M could be largely recapitulated via the combined knockdown of Nsd1/2 and Setd2 (Fig. 2H) . As anticipated, the individual knockdown of Nsd1/2 and Setd2 led to specific decreases in H3K36me2 and H3K36me3, respectively ( fig. S10C) . Cells depleted in all H3K36-directed methyltransferases not only displayed reduced H3K36me2/3 but also showed elevated levels of H3K27me3 comparable to that in H3.3K36M cells, indicating that the gain of H3K27me3 in H3.3K36M cells only occurs upon global loss of both H3K36me2 and H3K36me3. Nucleosomes containing H3K36me2/3 are poor substrates for PRC2 in vitro (14, 15) . Our data are consistent with a model whereby K36M-mediated loss of H3K36 methylation provides new nucleosomal substrates for PRC2, which results in increased H3K27me3 levels.
We next used chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq) to profile the chromatin landscape in H3.3K36M cells. Because traditional ChIP-seq methods preclude direct comparison of amplitudinal signals between samples, we adopted a strategy that uses exogenous reference chromatin (ChIP-Rx) as an internal normalization control to achieve quantitative analysis of H3K27me3 and H3K36me2/3 ( fig. S11A) (16) . We observed a genome-wide loss of H3K36me2/3 and a concomitant increase in H3K27me3 in H3.3K36M cells (Fig. 3, A and B) . Although the levels of gene-associated H3K27me3 remained unchanged, we observed a specific gain of H3K27me3 at intergenic regions previously devoid of H3K27me3 and marked by H3K36me2/3 (Fig. 3, C and D, and fig. S11B ). Highly similar genome-wide changes in H3K36me2 and H3K27me3 were observed in H3.1K36M cells ( fig. S11, C and D) , which were independent of the mutant nucleosome localization ( fig. S12A ). Depletion of Nsd1/2 and Setd2 was sufficient to mimic K36M's effects on the intergenic loss of H3K36me2 and gain of H3K27me3 ( fig. S12B ). determined by Wilcoxon's rank sum test. (E) MPCs were transfected with siRNA for 3 days, followed by chondrocyte differentiation induction for 2 days. The mRNA expression of Acan, Col2a1, Col9a1, and Col11a1 was measured. Error bars indicate SD from three biological replicates. *P < 0.05, ***P < 0.001.
As a consequence of increased nucleosomal substrate availability, levels of chromatin-bound Ezh2 and Suz12 were elevated in H3.3K36M cells (fig. S12, C and D). The increase in H3K27me3 at intergenic regions led to a decreased ratio of gene-associatedto-intergenic H3K27me3 (Fig. 4A) . Genes marked by high H3K27me3 enrichment showed loss of H3K27me3 relative to the genome-wide average and increased expression ( fig. S13) . We hypothesized that recruitment of the H3K27me3 "readers" may be altered in H3.3K36M cells due to the gain of intergenic H3K27me3 and the relative loss of H3K27me3 enrichment at genes. The localization of Ring1b and Cbx2, integral components of the canonical PRC1 complex that binds to H3K27me3 and suppresses gene expression, was markedly decreased at their bound genes in H3.3K36M cells or after knockdown of H3K36 methyltransferases (Fig. 4, B and C, and fig. S14 , A and B), even though protein levels and chromatin association of the PRC1 complex remained unchanged ( fig. S12C ). Increased enrichment of H2AK119ub1 was found at intergenic loci that gained H3K27me3 in H3.3K36M cells, suggesting a spreading of PRC1 activity to these regions ( fig. S14C) .
We postulate a model in which "dilution" of the PRC1 complex away from repressed genic loci leads to ectopic gene expression contributing to the differentiation blockade by H3.3K36M ( fig. S14D ). We found that the majority of PRC1-dependent gene expression changes (93 of 130 up-regulated and 60 of 72 down-regulated genes upon Ring1a/b knockdown) were recapitulated by H3.3K36M expression ( Fig. 4D; fig. S15 , A to C; and table S3). A specific upregulation of PRC1-repressed genes was observed in H3.3K36M cells ( fig. S15D) . Many of these genes (such as Wnt6 and Sox6) are implicated in the self-renewal and lineage specification of mesenchymal stem cells ( fig. S15E) (17, 18) . Consistently, Ring1a/b knockdown was sufficient to impair the chondrocyte differentiation of MPCs (Fig. 4E and fig. S15F ). Transcriptome analyses of human chondroblastoma samples revealed a similar de-repression of polycomb-bound genes associated with H3.3K36M mutation ( fig. S16) .
We have presented evidence that the H3K36M mutation plays a driver role in the development of mesenchymal neoplasms through impaired differentiation of MPCs. Although H3.1 and H3.3 K36M are found at different genomic locations, they result in the same genome-wide changes in chromatin landscape, gene expression profile, and tumorigenic capacity. These data imply that the specific genomic locations of H3K36M-containing nucleosomes are relatively unimportant for K36M's function. Although other non-mutually exclusive mechanisms may be involved (19) , the dominant inhibition of H3K36 methyltransferases is a critical downstream event mediating H3K36M's differentiation-arresting potential. The concurrent inactivation of multiple methyltransferases via a single missense mutation in histone H3 provides an efficient means to "lock" cells into an aberrant chromatin state that, in the context of mesenchymal progenitors, promotes neoplastic transformation. Our study highlights an underappreciated role of intergenic H3K36 methylation in polycomb complex recruitment through the antagonization of H3K27me3 propagation (20, 21) and demonstrates that modest alterations to the intergenic-to-gene-associated H3K27me3 ratio can have profound outcomes on polycomb-mediated gene silencing. We speculate that similar mechanisms may underlie other human cancers in which histone H3K27 and K36-directed enzymes are frequently dysregulated.
